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Porous alumina-carbon nanotubes (Al2O3-CNTs) nanocomposite membrane was 
developed via powder metallurgical techniques (conventional pressure-less and spark 
plasma sintering). In conventional pressure-less solid state sintering, the membrane was 
fabricated into circular disk (27 mm diameter and 4 mm thickness) by uniaxial pressing of 
the composite powder mixture (Al2O3-5wt%CNTs) followed by sintering in a tube furnace 
under inert (Ar) atmosphere. Homogeneous dispersion of CNTs within the alumina matrix 
was achieved using gum Arabic (GA) and sodium dodecyl sulfate (SDS) as dispersants in 
the powder mixture. The synthesized membrane was characterized using X-Ray 
Diffraction (XRD) for phase analysis and Field Emission Scanning Electron Microscopy 
(FE-SEM) for microstructural analysis. The effect of process parameters (initial powder 
compaction load and sintering temperature) on the overall performance of the membrane 
(in terms of porosity, strength, and water flux) was investigated. The results showed that 
the membrane’s properties were strongly influenced by the process parameters. The 
porosity of the membrane was observed to decrease from 65% to 31% while strength 
increased from 0.76 MPa to 15.64 MPa when both compaction load and sintering 
temperature increased from (50 kN to 200 kN) and (1200° C to 1500° C), respectively. 
Moreover, spark plasma sintering (SPS) technique was utilized to develop the same 
xv 
 
membrane in which compaction pressure and sintering were carried out simultaneously. 
The effect of SPS processing parameters including pressure, temperature, heating rate, and 
holding time on porosity, water flux, permeability and mechanical properties of the 
developed membranes was analyzed and correlated with the processing parameters to 
obtain the best combination of the membrane permeability and strength.  The results 
revealed that CNTs were well distributed in the alumina matrix and located mainly at the 
alumina grain boundary. The porosity of the developed SPS-membrane varied from 10.8% 
to 69.7%. The porosity and strength were highly influenced by sintering pressure and 
temperature. The findings revealed that the membranes sintered at (10 MPa, 1100 C, 200 
C/min, 5 min), possessing an average pore size of 143 nm, showed the best combination 
of permeability (38 L/m2.hr.bar) and strength (9.5 MPa). Selected membranes developed 
from conventional (200 kN/1400° C) as well as SPS (10MPa, 1100C, 200 C/min, 5 min) 
methods were utilized for cadmium removal, mainly through physical adsorption, using 1 
ppm aqueous solution at pH 6 and rejected 93% and 88% of Cd+2 ions, respectively, from 
aqueous solution in a single pass. The developed membranes offer a good potential for 
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تطوير واختبار األغشية النانوية المركبة من أكسيد األلمنيوم و أنابيب الكربون النانوية لتطبيقات  :عنوان الرسالة
 تنقية المياه
 
 سة وعلوم مواد هند التخصص:
 
 2017مايو  :تاريخ الدرجة العلمية
 
يقدم هذا البحث وألول مرة طريقة تصنيع األغشية النانوية المركبة من أكسيد األلمنيوم  وأنانيب 
الكربون النانوية باستخدام تقنية البالزما والشرارة الكهربائية و تقنية التصليب  التقليدية بدون استخدام 
 27أقراص دائرية ) قطرها تصنيع األغشية في صورة   -أي التقنية األخيرة -الضغط، والتي تم فيها
مم ( باستخدام الضغط أحادي المحور لخليط المساحيق ، والذي تبعه تقنية التصليب   4وسماكتها   مم 
التقليدية بدون استخدام الضغط. لوحظ توزيع أنابيب الكربون النانوية المتجانس في مصفوفة أكسيد 
ل كبريتات صوديوم. اختبرت األغشية المصنعة األلمنيوم  باستخدام  مشتتات اللبان العربي و دوديسي
باستخدام تقنية حيود األشعة السينية لتحليل األطوار ، وباستخدام المجهر األليكتروني لتحليل التركيب 
 المجهري.
فحص البحث أثر متغيرات عملية التحضير باستخدام تقنية التصليب التقليدية ) وزن الضغط األولي و 
على األداء الكلي للغشاء ) من جهة  المسامية والقوة و  تدفق المياه(، والتي   درجة حرارة التصليب (
% 65ثبت اعتمادها بشكل كبير على متغيرات عملية التحضير. لوحظ انخفاض مسامية الغشاء من 
 50عندما انخفض وزن الضغط من    MPa 15.64إلى   MPa 0.76%  وزيادة القوة من31إلى 
kN    200إلى kN    1200وارتفعت درجة الحرارة من °C   1500إلى °C  استفاد البحث من .
تقنية التصليب بالبالزما والشرارة الكهربائية لتحضير ذات الغشاء، حيث تزامنت عملية الضغط مع 
عملية التصليب في آن واحد. حلل  أثر متغيرات عملية التصليب، كالضغط ودرجة الحرارة و معدل 
ملية، على مسامية الغشاء و تدفق المياه و النفاذية و الخصائص الميكانيكية، التسخين و زمن الع
 للحصول على أفضل قيم من نفاذية الفشاء و قوته معا.
أوضحت نتائج الدراسة توزع أنانيب الكربون النانوية المتجانس في مصفوفة أكسيد األلمنيوم، وبشكل 
الغشاء عن طريق متغيرات عملية التصليب  أخص في أطراف الحبيبات. أمكن التحكم في مسامية
%، و التي 69.7% و 10.8بين  -أي المسامية -بالبالزما والشرارة الكهربائية، حيث ترواحت قيمتها
بدرجة حرارة التصليب و الضغط. وجد أن العينات المصلبة على  -إلى جانب  قوة الغشاء –تأثرت 
   min/C200باستخدام معدل تسخين  min 5لمدة   C1100ودرجة حرارة   MPa10ضغط  
نانومتر، مظهرة بذلك أفضل قيم للنفاذية والقوة معا. اختبر   143تحصلت على حجم فجوة بمعدل 
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النانوية المركبة من أكسيد األلمنيوم  وأنانبيب الكاربون النانوية على تصفية معدن البحث قدرة األغشية 
الكادميوم بتجربة االمتزاز بنظام حلقة التدفق. أوضح هذا االختبار  قدرة هذه األغشية على تصفية 
من الكادميوم برقم  1ppm% من معدن الكادميوم بعملية االمتزازمن عينة ماء تحتوي على 93
 6وجيني يساوي هيدر
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1 CHAPTER 1 
INTRODUCTION 
1.1 Overview 
Meeting the human needs of clean and affordable water is a great challenge of 21st century. 
It is the humanitarian goal worldwide to fulfill the continuously increasing demands for 
clean water. According to World Health Organization (WHO), still more than 700 million 
people on the planet do not have access to clean water. [1]  
With continuously increasing global population and living standards, it has become 
difficult to meet the demands of clean drinking water by conventional water supplies. 
Therefore, it is needed to explore new and non-conventional water resources (such as 
contaminated water, wastewater, sea water and brackish water) to meet the challenge. [2] 
Heavy metals are serious cause of contamination in water that create great hindrance in 
smooth water recovery. Pollutants, including heavy metals, are discharged into the 
freshwater lakes and rivers from industries, agricultural and domestic sources. These heavy 
metals not only deposit into the sediments but engulf various organisms and, thus, aquatic 
life in the ecosystem comes into direct contact with them. These heavy metals are non-
biodegradable in nature and accumulate into aquatic organisms such as fish, oysters, 
mussels. and enter the food chain. Excessive amounts of the heavy metals are toxic to 
aquatic organisms as well as human beings. Human exposure to heavy metals is highly 
toxic and has serious health implications. [3] 
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Extensive research has been done and various commercial techniques are available to 
mitigate the heavy metal pollution. The most commonly applied methods are: (i) 
precipitation as hydroxides, carbonates or sulfides, (ii) sorption (adsorption, ion exchange), 
(iii) membrane-based processes, (iv) electrolytic recovery, (vi) liquid–liquid extraction and 
(vii) flotation. [4]–[7] However, adsorption and membrane separation are considered the 
most effective methods. In adsorption, adsorbates are physically (physisorption) or 
chemically (chemisorption) attached to the surface of the adsorbent and hence removed 
from the liquid medium. Different types of natural adsorbents (coconut husk, pine wood, 
zeolite, char, carbon powders, minerals, oak bark, clay and cellulose), synthetic adsorbents 
(fly ash, various metallic oxides, activated carbon, activated alumina, CNTs slags and 
polymers) have been studied extensively to mitigate the metallic pollution. [2], [7]–[10] 
From the last few decades, inorganic membranes have gained more attention in water 
treatment and other industrial applications i.e. food, pigment, chemical, environmental, and 
pharmaceutical. The importance of these membranes is attributed to their superior 
characteristics like chemical inertness, thermal stability, corrosion resistance, and high 
separation efficiency. [11]–[19] Conventional ceramic processing methods (dry pressing, 
paste pressing or colloidal pressing) followed by sintering have commonly been used to 
fabricate porous ceramic supports having the adequate mechanical strength for ceramic 
membranes. [20] The selection of suitable raw materials, processing method, and sintering 
technique has great influence on the final porous structured membrane. [21] Ceramic 
porous bodies are commonly synthesized by compacting the starting powder into desired 
shape followed by sintering. The properties of a consolidated porous ceramic body (e.g. 
pore size, porosity and strength) depend on the processing parameters such as sintering 
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temperature, time, and heating rate. [22] Barma and Mandal investigated the initial 
compaction load and sintering temperature on the porosity, mechanical strength and pore 
size of the membrane. The lower the sintering temperature or the initial compaction load 
is higher the final porosity with a larger average pore size of the membrane is. However, 
strength increases by increasing compaction load or sintering temperature due to higher 
grain densification and lower porosity. [23] S. Hashimoto et al, synthesized a porous 
alumina body using alumina platelets by varying compaction pressure (1 to 3 MPa) at 
constant sintering temperature (1400 °C) and measured densities of 25% and 35.5%, 
respectively. [24] The mechanical properties of porous alumina structures have a 
correlation with the total porosity and relative density. F. Patel et al, also studied the effect 
of compaction pressure (230-620 MPa followed by sintering at 1400 °C) on the final 
density of porous alumina substrates made from alumina particles (average particle size of 
0.3 µm). They observed an increase in mechanical strength with increasing initial 
compaction pressure. [25]  
Porous ceramic membranes have been manufactured using a variety of materials such as 
clay [26], zirconia [27], titania [28], silica [29] and fly ash [30]. However, alumina is one 
of the most commonly used materials to fabricate porous membrane supports for 
asymmetric membranes [26]-[31] as well as ceramic membrane filter. [32][33][34] 
Alumina has also been utilized because of its excellent adsorption properties for metal ions. 
[35]–[37] Yabe and Oliveira investigated the adsorption adsorbate ratio and the contact 
time of metal ions on alumina from the industrial effluent. They reported that alumina 
(Al2O3) exhibited excellent adsorption efficiency for the removal of Fe, Cr, Pb, Ni, Cd, Cu 
and Zn. [38]  
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Recent advances in nanotechnology coupled with membrane separation has opened new 
doors of exploration to enhance the membrane performance with synergistic effect on 
wastewater treatment. [39] Carbon nanotubes (CNTs) are relatively new adsorbents and 
have proven to possess great potential for heavy metal removal. CNTs are promising for 
environmental applications because of their unique properties such as large specific surface 
area, high porosity, low density, high mechanical strength, high thermal and chemical 
stability, and strong interaction between pollutant molecules and the CNTs surfaces. [40]–
[44] Therefore, it could be worthwhile to combine both adsorbents (alumina and CNTs) to 
produce a porous nanocomposite membrane. Although, extensive literature is available on 
alumina-CNTs composite to describe its electrical, mechanical, thermal, tribological 
properties but most of the literature is on solid dense composites and limited work is 
reported on porous alumina-CNTs membrane. To produce CNTs-based ceramic 
membranes, chemical vapor deposition (CVD) method has been used to grow CNTs on the 
ceramic template. Tariq Altalhi et al, fabricated carbon nanotube composite membranes in 
which MWCNT were grown on alumina-polyamide (PA) template by CVD method. They 
investigated the experimental conditions (carbon precursor, temperature, deposition time) 
on the CNTs growth process. They successfully grew pure and catalyst free CNTs inside 
the alumina pores by CVD. [45] Hamed Parham et al reported thermal pyrolysis technique 
for the in-situ growth of CNTs-containing porous alumina structures. Carbon nanotubes 
were grown inside alumina matrix by heating at 850 °C using a catalyst [Ni (NO3)2] and a 
carbon source (camphor) [46]. They employed the same technique to develop ceramic 
CNTs composite filter for the removal of yeast and heavy metal ions. The filter mainly 
consisted of alumina and silica having pore size 300-500 µm and showed high efficiency 
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for yeast filtration (98%) and heavy metal ions removal (~100%) from water. [47] 
Ihsanullah et al reported the fabrication of silver doped CNTs membrane through powder 
metallurgical method. The MWCNT were compacted (200 MPa) and sintered (800 °C for 
3 hours) after impregnation with silver through wet chemistry technique. The synthesized 
membranes were used to remove bacteria from water and 10% silver doped CNTs 
membrane showed 100 % bacterial removal in 60 min [48].  
SPS is preferred to the conventional sintering techniques, due to the simultaneous 
application of pressure and temperature, enabling higher heating rate and shortening the 
sintering time as compared to conventional sintering. Therefore, SPS could be used to 
obtain higher strength at a lower temperature in comparison with hot pressing [49], and 
conventional sintering [50]. The porosity and strength of the membrane is controlled by 
SPS parameters [51]. SPS technique was reported to be promising for synthesizing the 
porous ceramics [52]. Improvement in the performance and reliability of the porous 
structures was reported via control pore geometry [53]–[57]. To our knowledge, the 
powder metallurgical technique was not reported in literature for the fabrication of CNTs-
based ceramic composite membrane. Therefore, we decided to explore this area for 
developing porous alumina-CNTs nanocomposite membrane. 
In the present study, powder metallurgical route was utilized to develop porous alumina-
CNTs nanocomposite membrane by conventional solid-state as well as SPS. The composite 
powder mixture was initially prepared then compacted through uniaxial pressing followed 
by consolidation using pressure-less conventional sintering. The same mixture powder was 
also used to consolidate the membrane through spark plasma sintering (SPS). The effect of 
process parameters (sintering temperature, compaction load, heating rate and holding time) 
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on the overall performance of the membranes (% porosity, water permeability (or flux), 
and mechanical strength) was investigated. The best combination of process parameters 
was selected with the correlation of porosity and strength. Finally, the individual adsorption 
capacity of the constituent materials (alumina and CNTs) was studied for heavy metal 
(cadmium) through the batch experiments. The prepared membranes were then utilized to 
remove the Cd+2 ions form contaminated water in a flow loop system. 
1.2 Aim/Objectives 
The aim of this study is to develop and characterize porous alumina-CNTs nanocomposite 
membranes that can remove heavy metals, by physical adsorption, from aqueous solution.  
The specific objectives are as follows: 
 To develop porous alumina-CNTs composite membranes using powder metallurgy 
technique 
 To characterize the microstructure, properties and porosity of the developed membranes 
 To evaluate the performance of the developed membranes for heavy metal removal 
(Cd+2 ions) from aqueous solution 
1.3 Organization of the thesis 
Chapter 1 introduces the topic and objectives of the work. 
Chapter 2 contains a literature review about heavy metal removal techniques, particularly 
adsorption and membranes filtration. Adsorption capacity of various materials including 
alumina and carbon nanotubes (CNTs) and their comparison. Various methods to prepare 
and characterize the membranes. 
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Chapter 3 provides details about the materials and experimental procedures. 
Specifications of the materials used in the experimental work, and powder mixing 
methodology. Powder consolidation techniques and their process parameters 
Chapter 4 contains the results and discussion obtained from the synthesis and 
characterization of the membranes (prepared by two different consolidation techniques) 
such as porosity measurement, diametrical strength, water permeation tests, 
microstructural analysis and finally a correlation of the results was made to obtain best 
combination of the strength and porosity. Moreover, the performance of the developed 
membranes against heavy metal (cadmium Cd+2) removal is presented.  















2 CHAPTER 2 
LITERATURE REVIEW 
Water is essential for life to exist and very important natural resource on the planet for all 
living things. Owing to the changes in the global climate and due to human interruptions 
in the ecosystem, water has started to loss its purity. Effluents, discharged from the 
industries (containing heavy metals), are polluting our lakes, rivers and under water 
resources. Toxic nature of heavy metal ions is very much established and well known in 
the present era. Metals do not decompose like biological matter but transform into various 
simple (atomic, ionic) or complex forms such as ligands or organometallic compounds. 
There are about 20 metals or like species that have proven to be toxic for human health. 
After the World War II, various committees had been formed and they published the 
maximum allowable concentrations (MAC) of the chemicals used in the industries which 
were the root cause of heavy metal exposure into the environment. Humans may either 
meet the metallic pollution by inhalation, ingestion or physical contact or due to their own 
interruption to the ecosystem through mining, melting, smelting, catalysis, fuel 
combustion, and production of semiconductors, superconductors, metallic glasses, alloy 
steels, nanotechnology. (monitored by International Agency of Research on Cancer, IARC, 
2006). [58], [59] 
2.1 Sources of heavy metal ions  
Many industries producing huge amount of effluents that contain significant weightage of 
heavy metals in them. Some of these industries that discharge such pollutants into the 
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environment are given in table 2-1. [60] Most of the effluents discharged by these industries 
is toxic and cancer causing. Basically, three different types of pollutants that are considered 
hazardous to the environment are given bellow: [60], [61] 
Toxic metals (such as Hg, Cr, Pb, Zn, Cu, Ni, Cd, As, Co, etc.) 
Precious metals (such as Pd, Ag, Au, etc.) and  
Radionuclides (such as U, Ra, Am, etc.) 
Table 2-1: Industries producing heavy metals [60] 
Melting and smelting industries 
Surface finishing industries 
Energies and fuel production industries 
Fertilizers and plastic industry  
Metallurgy (Iron and steel making) 
Electroplating and electrolysis 
Leather working (tanneries) 
Photography 
Aerospace industries 
Atomic energy installations 
Electric appliance manufacturing industries 
 
2.2 Hazards associated with heavy metals 
The term ‘Heavy metals’ is used to describe a group of metals with density greater than 5 
g/cm3 and atomic number above 20. However, any toxic metal can be considered as heavy 
metal irrespective of its mass and density. These elements are biologically toxic and 
considered pollutants to the environments. Many contaminants come under this category 
but the most common ones, with their maximum contaminant level (MCL) and associated 




Table 2-2: Health risk associated with heavy metals & MCL standards [62] 
 
2.3 Need to remove heavy metals 
Pollutants, including heavy metals, are discharged into the freshwater lakes and rivers from 
industries, agricultural and domestic sources. These pollutants not only deposits into the 
sediments but aquatic life comes into direct contact with heavy metals. These heavy metals 
are non-biodegradable in nature and accumulate into aquatic organisms such as fish, 
oysters, mussels etc. Hence, they enter the food chain. Excessive amounts of these heavy 
metals are toxic to aquatic organisms as well as human beings. People eat contaminated 
food or drink water from the polluted source and finally exposed to metallic pollution 
reported all over the world. Owing to these toxic effects of heavy metals on the 
environment, organisms, and human beings, it is needed to remove them from the 
ecosystem. [63], [64] 
Heavy metal Toxicities MCL (mg/L)
Arsenic Skin manifestations, visceral cancers, vascular disease 0.05
Cadmium Kidney damage, renal disorder, human carcinogen 0.01
Chromium Headache, diarrhea, nausea, vomiting, carcinogenic 0.05
Copper Liver damage, Wilson disease, insomnia 0.25
Nickel








Damage the fetal brain, diseases of the kidneys, 
circulatory system, and nervous system
0.006
Mercury
Rheumatoid arthritis, and diseases of the kidneys, 




2.4  Conventional techniques for heavy metal removal 
As it is necessary to avoid the direct exposure of heavy metals to the organisms, it is needed 
to treat the wastewater before drain into the environment. Many physical, chemical and 
biological methods have been proposed and are in progress to mitigate the influence of 
these pollutants in the aquatic ecosystem. These methods are given below: [65] 
 Chemical Precipitation 
 Liquid-liquid Extraction 
 Adsorption 
 Membrane Filtration 
 Ion-exchange  
 Electrochemical treatment 
 Reverse osmosis 
 Evaporation recovery  
Some of the above techniques are expensive while some are less effective to carry out. 
Some produce by-products that are difficult to process while some have limitations to 
employ in large scale. Although every technique has its own advantages and disadvantages 
but its use for heavy metal removal depends ultimately on economic and technical basis. 
However, adsorption and membrane separation are considered as popular and promising 
method for heavy metal removal among the conventional techniques because it is simple, 
easy to carry out and highly efficient. [65], [66] 
2.5  Adsorption 
In adsorption, adsorbates (species to be adsorb such as heavy metal ions) adhere and form 
film on large surface area of the adsorbents. Adsorbents (agents that adsorb or capture the 
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desired species from liquids or gases) with small particle sizes show large surface area for 
adsorption as well as better mass transfer efficiency. Fu and Wang  reviewed 185 scientific 
publications in 2010 to discuss the most commonly used methods for heavy metal removal 
from wastewater. They concluded from the literature survey that adsorption, ion exchange 
and membrane filtration are the most frequently used techniques for heavy metal removal. 
[67] 
2.6  Conventional Adsorbents 
Activated carbon (AC) based absorbents fascinated the researchers worldwide because of 
their large micro-pores and high surface area for adsorption and thus had been used most 
commonly for capturing heavy metal ions from polluted waters. However, the depleted 
resources of coal based AC has increased its cost and made it difficult to use on commercial 
bases. Therefore, researchers are trying to add various new additives in AC to prepare cost 
effective and efficient composites. They are also trying to prepare new low cost materials 
for effective removal of heavy metals. [68]–[71] Various modified natural adsorbents 
(natural zeolite, modified clay, orange peel etc.), synthetic adsorbents (alumina, synthetic 
zeolite, clay-polymer composites, calcined/activated phosphates etc.), agricultural 
adsorbents (maize cope, rice husk, coconut charcoal, pecan shell activated carbon) or 
biological adsorbents (Spirogyra, marine alga and bacterial biomass etc.) had also been 
studied for adsorption of desired contaminants for water and wastewater treatment. 
Moreover, some industrial waste by-products (fly ash, waste slags, titanium oxide etc.) 
were also studied due to the economic benefits. [72]–[74] 
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2.7 Adsorption through alumina 
Porous ceramics are very well known for their wide range of applications in many fields 
such as ionic conductors, adsorbents, membranes for filtration process. One of the very 
commonly used porous ceramic substrate for membranes is alumina. Alumina is a classic 
material not only to use as adsorbent but also to build membranes as well as supporting 
substrate for delicate membranes. It has large surface area for adsorption shows high 
adsorption capacities, good thermal stability, adequate mechanical strength. It can also be 
used as matrix for making composites with improved properties. [38], [75]–[81] 
The adsorption properties of activated alumina and magnetic properties of iron oxide can 
be combined to develop magnetic alumina nano composite (MANC). A batch experiment 
was conducted to examine the feasibility of MANC to remove Cd+2 from the aqueous 
solution. The effect of pH, temperature, adsorbent dose, initial concentration and contact 
time was studied. The equilibrium data was fitted to the Langmuir, Freundlich and Temkin 
Isotherms. The MANC was characterized by XRD, SEM, TEM, EDX and BET. The 
thermodynamic data showed that adsorption was endothermic in nature. [82] 
Surface complexation model (SCM) is commonly used to explain the adsorption of metal 
cations on the oxide surfaces. Various interpretations of adsorption have been used in 
different reviews [83]–[85] explain the adsorption details. The heavy metal cations are used 
to adsorb on the surface plane [86], [87] 
 Al-OH + Cd
2+ = Al-OCd+ + H+ (Eq. 4.1) 
Cadmium adsorb in the form cation. One proton is released as per one cadmium cation is 
adsorbed as shown in equation-4.1. However, adsorption of anionic cadmium chloride 
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complexes is negligible even the surface is positively charged and anionic complexes 
present in the solution. [88] 
Yabe and Oiveira conducted a comparative study to investigate the adsorption capacities 
of sand, silica, coal and alumina for metal removal. Many heavy metals such as Pb, Cd, 
Ca, Mn, Mg, Fe, Zn, Ni, Cr and Cu were examined. After the adsorption process, the 
concentrations of Pb, Cd, Ni, Cr and Cu were found to be lower than the detection limit 
while for other metals the adsorption was low. The adsorbent to adsorbate ratio and contact 
time were determined to indicate maximum metal removal. [38] Alumina was found the 
best adsorbent solid and showed high adsorption efficiency to remove Fe, Cr, Pb, Ni, Cu, 
and Zn at 4 g/L in 5 min time. Fir. 2-1 shows a comparison of different adsorbents to 
remove heavy metals from the effluent.  
 




Sharma et al synthesized nano alumina particles by sol-gel method and found that the 
removal of Ni+2 from the aqueous solution was dependent on the initial concentration, 
adsorbent dose, pH and temperature. [75] Adsorption increased with increasing pH from 2 
to 8. Maximum removal achieved at PH 8. Temperature also influenced the adsorption 
process a bit and removal increased (97-99%) with increasing the temperature from 25 to 
45 °C. In the end, the adsorption capacity of the manufactured nano alumina was compared 
with other adsorbents as shown in Table 2.3.  
Table 2-3: Comparison of Alumina with other adsorbents [75] 
 
2.8 Adsorption through carbon nanotubes (CNTs) 
In recent times, water treatment through nanomaterial has gain its importance due to the 
unique properties associated with nano-sized materials. Nanomaterials show high surface 
area and larger interactive sites for metallic species. Moreover, their efficiency can be 
increased by attaching functional groups to their surfaces that in turn increase the number 





Bagasse 0.001 32 
fly ash 0.03 32 
Aspergillus niger 1.1 33 
granular activated carbon 1.5 7 
sheep manure waste 7.2 34 
peat moss 9.18 35 
coir pith 9.5 4 
calcium alginate  10.5 36 
baker's yeast 11.4 3 
Thuja orientalis 12.42 9 
carbon aerogel 12.87 37 
waste tea  18.42 10 
Fe(III)/Cr(III) hydroxide 22.94 38 




In 1991, Ijima discovered a new member of carbon family (carbon nanotubes, CNTs) that 
showed great potential as nano adsorbent for its unique properties. After considerable 
research on this new adsorbent, it is now proven that CNTs have great potential as 
contaminant adsorbent. CNTs are of two types, single walled (SWCNTs) and multi-walled 
(MWCNTs) as shown in Fig 2-2. [93], [94] 
 
Figure 2-2: (a) MWCNTs (b) SWCNTs [60 
If we compare adsorption properties of CNTs with that of AC (most commonly used 
material for heavy metal removal), we came to know that CNTs are way better than AC 
because of its large specific surface area, high porosity, light mass density, regular structure 
at nano level and strong interaction between metal ions and the CNT surface. Researchers 
have studied the adsorption behavior of small molecules, heavy metal ions, organic 
molecules and radionuclide on the single walled, multi walled, open and close-end CNTs. 
Following four factors are important while studying the adsorption behavior of CNTs: [95] 
I. The number of active and contributing sites in the adsorption process is very 
important. It is possible to know the number of adsorption sites through temperature 
17 
 
programmed desorption mechanism. However, there are four different sites on the 
CNT bundle to capture the desired species as shown in Fig 2-3. [96], [97] 
1. Interior sites of every individual tube and these tubes are only exposed when 
caps are removed from the tubes. 
2. Channels between the tubes of the interstitial sites. 
3. Groove produced in between two adjacent tubes 
4. The curved outer surface of the tube in nano bundles. 
 
 




Extensive study has been done to find out where and how the adsorbing species attach on 
the nanotubes. For close-end CNT, adsorption usually takes place at grooves because of 
the easy access to the exposed surfaces. While in the case of open-end CNTs, adsorption 
process starts from the outer surfaces followed by internal wall saturation of the tubes. [98] 
II. The amount of uncapped or open-ends in the CNT bundles considerably influence 
the adsorbing behavior of nanotubes. More the open ends on the nanotube surfaces, 
more the adsorption take place. [99] 
III. Usually, impurities are found embedded on the surface of the nano bundles that 
may be an adsorbent on their own, hence, distort the adsorbing behavior of CNTs. 
Moreover, these impurities cover the CNT bundles and reduce its adsorption 
capability. [100] 
IV. Several functional groups or oxygen content on the nanotube surfaces influence the 
adsorption behavior of CNTs. Total oxygen content on the CNT surface (oxygen 
functional groups: -OH, -C=O, -COOH) influence the adsorption capacity of the 
nanotubes. Usually higher the oxygen content, higher will be the adsorption 
capacity of the CNTs. These functional groups can be introduced to the CNT 
surface by oxidation using either of the following methods: 
1. Various Acids [101], [102] 
2. Ozone [103]–[105] 
3. Plasma [106] 
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pH is also an important factor in adsorption of heavy metal cations on the CNTs surfaces. 
The adsorption of cations is higher if the Ph value is than pHpzc because of electrostatic 
attraction between the cations and the negatively surface charge. However, at lower pH the 
adsorption decrease due to charge neutralization. The changing pH also affects the 
competing complexation reactions. Hence, the adsorption capability of CNTs changes with 
change in pH values. [107], [108] The pHpzc of raw CNTs is in the range of 4-6 [109], [110] 
while acid treated CNTs were reported to have lower pHpzc as compared to raw CNTs. 
[111] The state of divalent metal ions in solution depends of the pH and most commonly 
produced species are M+2, M(OH)+, M(OH)2, M(OH)
3- [107], [112], [113]. The proton 
release reaction by CNTs is shown below [107] 
 
CNT-OH + H+ ↔ CNT-OH2+ 
CNT-OH   ↔  CNT-O- + H+ 
(Eq. 4.2) 
The adsorption of mechanism of divalent metal ions onto CNTs is shown below 
 
CNT-OH2+ + M2+  ↔  [CNT-OHM+2]+2 + H+ 
CNT-O- + M(OH)2-n  ↔  [ CNT-O-M(OH)2-n] 
(Eq. 4.3) 
The heavy metal ions are adsorbed on the surface of the CNTs due to competition between 
M6 and H6+ in the solution. However, if the pH value is higher than pHPZC, the dominant 
divalent species on the solution is M(OH)2-n.  
Fig. 2-4 showing the mechanism of functional group generation on CNT by using plasma 
technique. These functional groups can be removed intentionally by heat treatment. [114] 
Heavy metal adsorption capacity of raw CNTs is considerably small but can be increased 
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when their surfaces are oxidized through HNO3, NaClO, or KMnO4 solutions. Lu et al 
modified the surface of CNTs by using these chemicals and found that adsorption 
properties of CNTs increased for toluene, benzene and BTEX after oxidizing them with 
the chemicals [115]  
 
Figure 2-4: Plasma technique to generate FG on CNT surface [115] 
 
It is proven from the study that CNTs have great potential to adsorb heavy metal ions such 
as Cd2+[116], Cu2+[117], Ni2+[118], Pb2+[119], Zn2+[120], Fe3+[121]. The adsorption on 
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CNTs is strongly influenced by the value of pH. Under similar conditions adsorption 
capacity of CNTs is higher than that of other adsorbents. Table 2.3 shows a comparison of 
adsorption capacities of various adsorbents at various pH values. [122] 
Table 2-4: Comparison of adsorption capacity of CNTs & other adsorbents for heavy metals [122] 
 
The mechanism of heavy metal adsorption on the surface of the CNT is attributed to  
1. Physical Adsorption 
2. Electrostatic Attraction 
3. Precipitation 
4. Chemical interaction between metal ions and CNT’s surface functional groups 
Among the above said mechanism chemical interaction between metal ions and the 




Figure 2-5: Chemisorption of metal ions by functional groups present on CNT surface [123] 
 
A comparison of raw MWCNTs and surface acidified MWCNTs, with various chemicals, 
was made to adsorb Pb (II) ions. It was fond that adsorption capacity increased after 
oxidizing the surfaces of the MWCNTs. The results showed that 75.3% adsorption of Pb 
ions was carried out on the functional groups while the contribution of the physical 
adsorption (depends on surface area, defects, and open ends) was about 24.7%. [124] It 
came to know that metal ion sorption capacity of CNTs does not largely depends on the 
surface area, pore volume and mean pore diameter but strongly depends on surface total 
acidity. Sorption of metal ions on activated CNTs increases with CNT mass, contact time, 
and temperature while decreases with increasing ionic strength of the solution. Enthalpy 
change for sorption is positive which indicate the endothermic nature of sorption. The pH 
phenomenon is also very important for studying the sorption process as the solution pH 
drops after sorption takes place. This is because of the release of the protons from the 
functional groups on the CNT surface to capture metal cations. [119], [125] 
Fig. 2-6 demonstrated the possible interaction mechanisms of cadmium ions adsorption on 
CNT/ Al2O3 surface. Cadmium ions are adsorbed on the surface modified CNTs via 
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physical interactions, electrostatic interactions and van der Waals interactions occurring 
between the Cd(II) ions and hexagonal arrays of carbon atoms in the folded graphite sheet 
[126].  
 
Figure 2-6: Schematic of the possible mechanism of cadmium ion adsorption on CNT/Al2O3 surface [126] 
 
Acid modified CNTs have higher removal efficiency for heavy metals than raw CNTs [67]. 
However, the adsorption mechanism of different metal ions on CNTs is not the same and 
the affinity order of metals ions towards CNTs is different. Stafiej and Pyrzynska [110], 
reported that the affinity order of the certain metal ions towards CNTs is Mn2+ < Zn2+ < 
Co2+ < Pb2+ < Cu2+ at pH 9. In two other studies, the following affinity orders were reported: 
Pb2+ > Cd2+ > Co2+ > Zn2+ > Cu2+ and Cd2+ < Cu2+ < Zn2+ < Ni2+ < Pb2+ [127]. These results 
suggested that the adsorption of heavy metals on CNTs depends mainly on the properties 
of CNTs. 
2.9 Separation through CNT-based composite membranes 
Hsieh and Hong grew CNTs on alumina particles for adsorption of heavy metals from the 
solution and compared the results with AC powders, commercial CNTs, and alumina 
Electrostatic attraction  PH > pHpzc Cationic metal attraction 
Surface Precipitation  
Inner-sphere complexation  
Surface complexation  
Physical adsorption  
Cd+2 ion 




particles. They claimed to obtain extraordinary adsorption results by using oxidized CNTs 
on alumina that were superior to other adsorbents. The preference order of adsorption was 
given as Pb2->Cu2+>Cd2. The adsorption calculation of 1 g of CNTs on Al2O3 was 67.11, 
26.59, and 8.89 mg/g for Pb2-, Cu2+, and Cd2+ in single adsorption test, respectively. [128] 
Tariq Altalhi et al [62] grew MWCNTs by chemical vapor deposition (CVD) on the 
template of nano porous alumina membrane as shown in fig. 2.7. The transport properties 
of the membrane were investigated by diffusion of dye (Rose Bengal model). 
 
Figure 2-7: Schematic of CNT/PA membrane developed through CVD growth of CNTs inside the alumina pores 
[62] 
 
Vertically aligned CNTs were grown by using catalyst precursor on the porous alumina 
substrate by CVD method for gas permeation as shown in figure 2-8. [129] Lee et al also 
developed vertically aligned CNTs membranes for water purification that showed very 
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high water permeability 30,000 L. m-2.h-1.bar-1 as compared to previously known value 
2400 L. m-2.h-1.bar-1. [130] 
 
Figure 2-8: Vertically aligned CNTs on alumina template [129] 
 
Hamed Parham et al reported thermal pyrolysis technique for the in-situ growth of carbon 
nanotube-containing porous alumina structures as shown in figure 2-9. Carbon nanotubes 
were grown inside alumina matrix by heating at 850 °C using a catalyst [Ni (NO3)2] and a 
carbon source (camphor) [46]. They employed the same technique to develop ceramic 
carbon nanotube composite filter for the removal of yeast and heavy metal ions. The filter 
mainly consisted of alumina and silica having pore size 300-500 µm and showed high 






Figure 2-9: FE-SEM images of porous alumina matrix (a) before CNTs growth (b) after CNTs growth [46] 
 
Tofighy and Mohammadi reported an adsorptive membrane (disk shaped) developed by 
growing CNTs randomly by CVD method on the mullite substrate as shown in figure 2-
10. They used the prepared membrane for Ni ion removal from water. Fig. 2-11 shows that 
water flux values decreased considerably by growing the CNTs layer on the mullite surface 
and the maximum Ni ion rejection achieved was 63 %. [131] 
 




Figure 2-11: (a) water flux (b) Ni ion rejection from CNT-mullite membrane [131] 
 
2.10 Powder metallurgical method to develop ceramic membranes 
2.10.1 Pressure-less solid state sintering 
Burma and Mandal worked on α-alumina membrane supports and investigated the effect 
of initial compaction load and sintering temperature on the quality of the alumina 






























































followed by sintering. They used a range of compaction loads from 50 to 350 KN and a 
range of sintering temperature from 1200 C to 1500 C. They concluded that lower the 
sintering temperature and lesser the compaction load, more porous (porosity 55%) the 
alumina membrane achieved and vice versa. But the highest flexural strength (about 200 
MPa) obtained at highest compaction load 350 KN and sintering temperature 1500 C. [132] 
Wu Qin et al also used the same technique to prepare porous membrane support with the 
addition of boehmite with alumina and found the effect of boehmite and sintering 
temperature on the pore openings, pore sizes, and porosity. They mentioned the average 
pore size of the support as 5.1 µm with porosity about 53%. They also work on the 
mechanical strength of the supports and found the bending strength as 35.5 MPa. [133] 
Korosh Shafieia et al designed disc type alumina microfiltration membranes and compared 
the relationship of binder type (CMC, PVA and Xanthan gum) and its amount (30g binder 
in 1-3 cm3 of volume), compaction pressure (300-500 bars) and sintering temperature 
(1350- 1500 C) on the porosity of the membranes. However, they attained porosity up to 
49% but membranes were delicate and crushed during water flux test. [134] 
Lyckfeldt” and Ferreira discussed a similar method for porous ceramic processing 
consolidation. They used starch as binder and pore former in alumina to consolidate porous 
structure after sintering. [135] 
Javad Ghaderi et al manufactured alumina membrane supports with vibration and 
compaction methods with or without the addition of silica. They tried to evaluate porosity, 
compressive strength and thermal conductivity of the membranes as a function of silica 
addition and sintering temperature. They end up with the conclusion that compaction load 
has a great effect on sintering and ultimately the properties of the samples. However, they 
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suggested that high porosity (50%) can be achieved at optimum sintering conditions (1475 
°C) without using silica. [136] 
Faheemuddin Patel et al studied different ceramic materials α-alumina, zirconia, and SiO2. 
They reported their work in disc-shaped ceramic membranes support that was fabricated 
by uniaxial compaction of α-alumina powder followed by sintering at 1400 C. The 
comparative study was done and the effect of compaction load on the green density of the 
supports was evaluated. [25]  
Tahar Laoui et al manufactured microporous alumina layer on porous zirconia substrate by 
suspension sedimentation method for filtration purpose. The deposition of a micro-porous 
layer on the substrate was evaluated using various chemicals (SDS, Triton-X, and citric 
acid). They concluded that SDS caused the deposition of a uniform layer with least 
agglomeration among other chemicals under examination. [137] 
Ihsanullah et al [72] developed Ag-doped carbon nanotube membranes through powder 
metallurgical method. Carbon nanotubes were first impregnated with nano silver particles 
with different loadings using wet chemistry technique followed by compaction into disc 
shaped membranes. These compacted membranes were sintered at 800 °C. They 
characterized the membranes and found that membranes possess strong antibacterial 
properties with good water permeation flux. So, these membranes are usable for continuous 
filtration process and can be used to remove various types of contaminants. [48] Further to 
the previous work, Ihsanullah et al impregnated the carbon nanotube with iron oxide this 
time with different loadings and evaluated its anti-fouling properties using sodium alginate. 
The maximum removal of SA achieved through the membrane was 90%. [138] 
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2.10.2 Spark plasma sintering 
SPS is preferred to the conventional sintering techniques, due to the simultaneous effect of 
pressure and temperature, enabling to higher heating rate and shortening of the sintering 
time, and less temperature as compared to conventional sintering. This helps to get fine 
pores formation. Moreover, SPS could help to get higher strength at a lower temperature 
in comparison with hot pressing [139], and conventional sintering [140]. In addition, the 
porosity of the membrane could be controlled by SPS temperature [24]. Therefore, SPS 
technique was reported to be promising for synthesizing the porous ceramics [52]. 
Moreover, improvement in the performance and reliability of the porous structures were 
reported via control pore geometry [141]–[145].  
Chakravarty et al used spark plasma sintering (SPS) technique to produce high strength 
porous alumina supports. This technique is usually utilized to develop compacted and 
dense samples. However, they controlled the parameters (T= 1000-1200 C) and (P = 10-
50 MPa) to get porous ceramic structure. The results showed that the porosity and bending 
strength were highly influenced by applied sintering pressure. [146] 
From the literature review carried out on the topic, it is concluded that both alumina and 
CNTs powdered materials are good adsorbents of toxic heavy metals, particularly CNTs 
due to their remarkably high surface area. However, to our knowledge no prior work has 
been reported on the combination of both materials to fabricate alumina-CNTs 
nanocomposite membrane through compaction and sintering. Therefore, we decided to use 
conventional pressure-less and spark plasma sintering (SPS) methods to fabricate alumina-
CNTs nanocomposite membranes in the current study.  
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3 CHAPTER 3 
MATERIALS AND EXPERIMENTAL PROCEDURE 
This chapter includes the detailed information about the materials, equipment and 
experimental procedure and characterization techniques used for research. Probe sonicator 
was used for homogeneous CNT missing with continuous magnetic stirring. The process 
parameters of SPS as well as pressure-less solid-state sintering were optimized for 
membranes’ fabrication. The synthesized membranes later used for heavy metal 
(Cadmium) removal from contaminated water.  
3.1 Materials  
Alumina powder (α-alumina of 0.3-micron particle size) was procured from Buehler, 
Illinois, USA. Commercial multiwall carbon Nanotubes (MWCNTs) were purchased from 
Times Nano, Chengdu Organic Chemicals Co. Ltd. China, having purity >95%, OD: 10-
20 nm and length: 10-30 µm. Poly Vinyl Alcohol (PVA) was used as a binder while Gum 
Arabic (GA) and Sodium Dodecyl Sulfate (SDS) were used as dispersants for CNTs and 
all of them were purchased from Loba Chemie Pvt. Ltd., Mumbai, India as shown in figure 
3-1. For heavy metal removal tests, cadmium (Cd+2) standard solution (1000 ppm) was 




Figure 3-1: Raw materials used for powder mixture preparation 
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3.2 Experimental Procedure 
3.2.1 Powder Preparation 
Powder metallurgical process was used to produce alumina-CNT composite powder 
mixture (5% loading of MWCNTs were added into 95% alumina matrix.). Gum Arabic 
(GA) and Sodium Dodecyl Sulfate (SDS) were used in combination (1:1), as dispersants, 
to avoid Carbon Nanotubes agglomeration. [147]. All three components were dispersed 
and hand mixed in distilled water with dispersants (GA+SDS) followed by probe 
sonication for 1 hours.  
Parallel to this work, another mixture (alumina + starch) was prepared. Starch (5% of the 
powder mixture) was used as a pore former in alumina matrix [135]. After One hour of 
sonication of the above CNT mixture, the powder mixture of alumina and starch was added 
into it. The whole mixture was sonicated again for 2 hours for good mixing of all the 
components homogeneously.  
Afterward, water was evaporated from the mixture on a hot plate with continuous stirring. 
After getting the final mixture powder, 10 % binder solution (prepared by adding 2% PVA 
in distilled water) was added into it for better compaction [23]. Fig. 3-2 shows the flow 





















    Physical Mixing of both the mixtures 
                                        
α- Alumina (95%) 
+ 
Starch (Pore Former) 
Carbon Nanotubes (5%) in 1 
liter of dis. Water 
+ 
Dispersants 
 (GA + SDS in 1:1)  
Sonication 
for 1 Hour 
Sonication 
for 2 Hour 
Drying the above 
mixture on Hot Plate 
with stirring to achieve 
Final Mixture 
Binder Solution  
(2% PVA in dis. Water) 
Addition of 10 wt% 










3.2.2 Membrane synthesis by conventional pressure-less sintering 
The alumina-5%CNT powder mixture was then compacted into disc-shaped membranes. 
The compaction was done in a stainless-steel die (diameter: 27.5mm diameter) with the 
help of a uniaxial pressing machine (Wabash, Indiana. USA) as shown in figure 3-3. The 
compaction converted the powder mixture into a disc of 4mm thickness and 27.5 mm dia-
meter.  
Initially, the powder was compacted at 50 KN load with a dwell time of 2 minutes to 
achieve a porous green compact. [23] The compacted disc was then removed from the die 
by using hydraulic press (APEX London) and sintered at four different temperatures 
(1200°C, 1300°C, 1400°C, and 1500°C) in a tube furnace (GSL 1700X, MTI Corp. USA), 
as shown in figure 3-4, to evaluate the effect of sintering temperature on the properties of 
the final membranes. The heating rate of 5 °C /min was used throughout the heating cycle 
while holding time was 4 hours at 500 °C and then at the sintering temperature. In the 
second stage of the experimentations, the effect of compaction load on the porosity and 
mechanical strengths of the membranes were examined. This time, alumina-CNT 
nanocomposite mixture was compacted with increased compaction loads (100 KN, 150 
KN, and 200 KN) and sintered at two different temperatures 1400°C and 1500°C (the 
temperatures that were optimized for the first set of experimentations) to get the optimum 






Figure 3-3: Compaction process of alumina-CNTs powder mixture (a) custom-made stainless steel die for 
powder mixture compaction (b) compaction process using uniaxial pressing machine (c) sample removal from 












Figure 3-4: Pressure-less solid state sintering process (a) green alumina-CNT disks for pressure-less sintering (b) 








3.2.3 Membrane synthesis by spark plasma sintering (SPS) 
In addition to conventional pressure-less sintering technique, spark plasma sintering (SPS) 
method was employed to fabricate the porous alumina–CNT composite membranes. SPS 
machine (FCT system-model HP D5, Germany) was utilized in the present study to 
carryout membrane fabrication as shown in figure 3-5.  
 





3.3 Characterization Techniques 
Various characterization techniques were used to analyze the properties of as received 
powders (alumina and CNTs), their mixture and finally the synthesized membranes.  
3.3.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) was performed using x-ray diffractometer (Bruker, D8 Advanced) 
with the scanning rate of 2°/min for 2 theta angle of 20° to 80° to analyze the structure of 
fabricated membranes. 
3.3.2 Field Emission Scanning Electron Microscopy (FE-SEM) 
Surface morphology and micro-structural analysis of the samples (average particle size, 
pore size, and a number of pores) was observed by Field Emission Scanning Electron 
Microscopy (FE-SEM) facility (TESCAN, Lyra 3). 
3.3.3 Water Permeation Test 
Water flux measurement was carried out with the help of a custom-made flow loop system 
as shown in Fig. 3-6. Pure water flux J (L. m-2. h-1) of the membrane through the 
transmembrane pressure (1-5 bar) were calculated using equation-1. [48] 
 J =  
V
A . t
 (Eq. 3.1) 
 Where A (m2) is the membrane surface area, V (liters) is the volume of water passing 
through the membrane at a measured time t (h).  
Water flux is generally a linear function of the transmembrane pressure. Higher the water 
pressure on the membrane, higher is the water transport through it and hence higher the 
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permeability. [48]. The same loop was further utilized to perform heavy metal (cadmium) 
removal analysis. 
 
Figure 3-6: Flow loop system used for water flux measurement and heavy metal removal test 
 
3.3.4 Porosity measurement 
The porosity of the membrane was measured as per the ASTM standard for porous ceramic 
materials (ASTM c373-14a) [136, 148]. Wet and dry weights of the membrane were 
calculated as suggested in the standard to measure the percentage porosity of the 
membranes using equation-2.  
 




] × 100 
(Eq. 3.2) 
where, P is the apparent porosity, D is the dry weight, M is saturated weight, S is the 
suspended weight, and V is the volume of the membrane. 
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3.3.5 Diametrical compression test 
The mechanical strength of the membrane was evaluated using diametrical compression 
test. A schematic of the test is shown in Fig. 3-7(a). This test was used to estimate the 
strength of porous ceramic membrane. [12] In this test, the membrane was placed in 
vertical position flat and tensile stresses are developed, within the membrane, 
perpendicular to the compressive load causing the sample to break into two pieces. The 
fracture propagation at the middle of the sample is an indication of successful completion 
of the test as shown in Fig. 3-7 (b). The test measures the strength of the membrane while 
load is applied diametrically using equation-3. [12], [149] 
 𝜎 =  
2 𝑃
𝜋 . 𝐷. 𝑡
 (Eq. 3.3) 
 ‘P’ is the applied load; ‘D’ is the diameter and ‘t’ is the thickness of the membrane.  
 









3.4 Heavy metal removal test 
The batch adsorption analysis was carried out initially to evaluate the cadmium (Cd) 
removal efficiency of the individual and mixture powders. The 1ppm concentrated solution 
of cadmium was prepared using cadmium (Cd) standard solution (1000 ppm) supplied by 
Ultra-scientific USA. The powder suspension in (5g/L) was stirred on the orbital shaker 
for 1 hour with the speed of 150 rpm. Blank tests without cadmium were performed to 
evaluate the effect of sorption on container wall and precipitation. Three sets of each 
sample were prepared to get reliable results as shown in figure 3-8. 
 
Figure 3-8: Samples prepared to carryout pH analysis during batch adsorption test 
 
Later, adsorption capacity of the selected alumina-CNTs membrane was investigated. The 
analysis was carried out using flow loop system as shown in Fig. 3-6. The filtrate was 
collected after a single run through the membrane and analyzed using inductively-coupled 
plasma optical emission spectroscopy (ICP-OES) Optima-8000 as shown in figure 3-9. All 
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the investigations were carried out in the triplicate for reliability and accuracy in the results. 
The percentage (%) adsorption removal efficiency was calculated using Equation-4. [150] 
 𝑅(%) =
𝐶0 –  𝐶𝑡
𝐶0
 × 100 % (Eq. 3.4) 
Where, is the cadmium removal efficiency, is the initial metal ion (Cd+2) concentration, 
metal ion (Cd+2) concentration at time t. 
 
 




4 CHAPTER 4 
RESULTS AND DISCUSSION 
Pressure-less solid state sintering and spark plasma sintering (SPS) techniques were 
employed to develop alumina-CNTs nanocomposite membranes. The results were 
arranged in two separate sections as per the utilized technique.   
4.1 Pressure-less Solid State Sintering  
An experimental design matrix (shown in table 4-1) was used to evaluate the influence of 
both applied compaction load on the powder mixture and sintering temperature. The results 
related to characterization of alumina-CNTs are presented and discussed underneath. The 
XRD patterns of raw powders (alumina and CNTs) and their nanocomposite mixtures are 
presented in Fig. 4-1(a). The diffraction peaks of alumina and CNTs matched with the 
database available in the system PDXL-2. Only alumina peaks appeared in the powder 
mixture while CNTs peaks didn’t show up. There were no additional peaks observed in the 
sintered samples indicating no new compound or phase formed. Fig. 4-1(b) shows XRD 
pattern of the four membranes compacted at four different loads and sintered at 1400°C. 
All the compacted membranes showed the analogous peaks. The FESEM micrographs of 

















S1 50 1200 64.6 0.75 0.93 
S2 50 1300 61.9 1.74 0.69 
S3 50 1400 59.1 2.54 0.55 
S4 100 1400 49.5 5.55 0.47 
S5 150 1400 45.7 8.43 0.29 
S6 200 1400 39.9 11.07 0.15 
S7 50 1500 55.4 3.23 0.42 
S8 100 1500 46.6 7.87 ˂0.2 
S9 150 1500 40.2 11.91 ˂0.1 
S10 200 1500 31.3 15.64 ˂0.05 
 
The distribution of carbon nanotubes within the samples was good as SDS and GA were 
used as CNT dispersants. [147] The CNTs were observed to be located along the grain 
boundaries and small bundles were also seen inside the big pores, indicating the 
development of intergranular type nanocomposite. In general, a decreasing trend of the 
average pore size (~1µm to 0.5 µm) was observed with increasing particle size with 
sintering temperature that was attributed to the volumetric diffusion of alumina particles. 




Figure 4-1: (a) XRD pattern (i) CNTs (ii) alumina (iii) powder mixture (alumina-5wt% CNTs) (b): Membranes 
compacted at (i) 50 kN (ii) 100 kN (iii) 150 kN (iv) 200 kN and sintered at 1400 °C 
 
 
Figure 4-2: FE-SEM micrographs of as-received powders (a) α-alumina (b) raw CNTs 
47 
 
3.4.1 Effect of sintering temperature 
The effect of sintering temperature on the overall performance of the membrane was 
analyzed first. The membrane samples S1, S2, S3, and S7 (Table-4-1) compacted at 50 kN 
load and sintered at four different temperatures 1200 °C, 1300 °C, 1400 °C and 1500 °C, 
respectively as shown in Fig. 4-3 (a, b, c, d). Alumina particles growth was observed with 
increase in sintering temperature. All the samples in Fig. 4-3 depicted large number of 
pores indicating the successful fabrication of the porous membrane. However, big pores 
were also observed that were assumed to be formed by the burning of starch (a pore former) 
during sintering. [44] The samples S1and S2 showed less compressional strengths (0.76 
MPa and 1.74 MPa, respectively) because of the high porosities (65% and 62 %). Both 
samples could not bear pressure above 3 bars during water flux test and fractured. Samples 
S3 and S7, however, were relatively stronger (2.4, 5.5 MPa) but still had large pores (high 
porosity and less strength) that made them unsuitable for high flux applications. These 





Figure 4-3: Membranes compacted with 50 kN and sintered at (a) 1200 °C (b) 1300 °C (c) 1400 (d) 1500 °C 
 
 
Figure 4-4: : (a) Porosity and (b) strength relationship of the membranes with the change in sintering 























































3.4.2 Effect of initial compaction load 
Higher sintering temperatures (1400°C and 1500°C) were selected, for further study, to 
analyze alumina-CNTs composite membranes. Now, the initial compaction load of the 
membranes S4, S5, S6 (sintered at 1400 °C) and S8, S9, and S10 (sintered at 1500 °C) was 
increased from 50 kN to 100 kN, 150 kN, and 200 kN to obtain higher strengths to make 
them suitable for high water flux applications. FE-SEM micrographs (Fig. 4-5, 4-6) 
revealed an increase in the particle size of alumina due to higher grain growth during 
sintering. The growth was attributed to the coalescence and neck growth of adjacent 
alumina particles. The higher initial compaction load helped particles to come close to each 
other during pressing and promote strong network development, as also repeated 
elsewhere. [23, 32]  
 
Figure 4-5: FE-SEM images of the membranes compacted at (a) 50 kN (b) 100 kN (c) 150 kN (d) 200 kN loads 




Figure 4-6: FE-SEM images of the membranes compacted at (a) 50 kN (b) 100 kN (c) 150 kN (d) 200 kN loads 
and sintered at 1500°C 
 
A comparative analysis of measured porosity (through ASTM C373-14a) and strength 
(through diametrical compression) of these membranes is displayed in Fig. 4-7. A 
decreasing trend in the porosity of all the samples was observed with increasing 
compaction load and sintering temperatures, Fig. 4-7(a). Similarly, strength increased with 
increasing initial compaction loads and sintering temperatures as shown in Fig. 4-7(b). The 
measured strengths of the present membranes agree with the available literature of 
diametrical compression test. [12, 48] Interestingly, samples S6 (200 kN/1400°C) and S9 
(150 kN/1500°C) showed statistically similar results of porosity (39.9% and 40.2%, 
respectively) and strengths (11.0 MPa and 11.9 MPa, respectively) as shown with dotted 
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circle in Fig.4-7. Both samples were also showed similar behavior of water flux as shown 
in Fig.4-8.  
 
 
Figure 4-7: (a) Porosity and (b) strength relationship of the membranes with the change in compaction load 
































































































































Water flux values were also influenced by both the process parameters (initial compaction 
loads and sintering temperatures). Generally, higher flux was investigated in more porous 
membranes which were compacted with low compaction load and sintered at low 
temperature. Moreover, a linear increasing trend in water flux was observed in all samples 
with increasing transmembrane pressure (1 to 5 bar), Fig. 4-8 (a, b). However, sample S10 
(200 kN/1500°C) showed least water flux than other samples that might be attributed to the 
isolations of the pores inside the membranes (pore shrinkage). [151] However, all the 
membranes developed in the present study, through powder metallurgical route, showed 
overall higher flux values than CVD method reported to fabricate CNTs-based composite 
membranes. [54]  
4.2 Spark Plasma Sintering (SPS)  
An amount of nanocomposite powder was added into a 30-mm graphite die and a graphite 
sheet was used to facilitate the removal of the sample and to reduce the friction between 
the die walls and powders. The experiments were conducted in a vacuum with sintering a 
pressure of (5, 10, 20) MPa, temperature of (1000, 1100, 1200) oC, heating rate of 
(50,100,200) oC/min, and holding time of (2.5, 5, 10) min were used. Parametric study has 
been conducted to study the effect of SPS parameters on the membrane properties, Table 





















1 1000 10 100 20 10.77 12.3 
2 1000 10 100 10 56.2 6.9 
3 1000 10 100 5.6 69.7 1.9 
4 1000 10 50 10 33.2 8 
5 1000 10 200 10 60.7 4.9 
6 1000 5 200 10 67.5 4.1 
7 1000 2.5 200 10 69.3 3.4 
11 1100 5 200 10 64 9.5 
10N 1200 5 200 10 50 10.4 
 
3.4.3 Characterization of the starting materials 
FESEM and XRD were performed for the starting materials to confirm the structure and 
microstructure. Figure 4-9-a shows the FE-SEM of as received alumina, with a uniform 
particle size of 0.3 µm which agrees with the supplier data. Moreover, less variation clearly 
observed from the image which is important to control the pore size. Figure 4-9-b shows 
FE-SEM micrograph of MWCNTs with an outer diameter (OD) of (10-20 nm). The XRD 
of CNTs presented in figure 4-10-a shows two peaks corresponding to 2 theta value of 26° 
and 44° which are related to hexagonal graphite lattice of MWCNT. Figure 4-10-b 






Figure 4-9: FE-SEM image of the as-received materials: (a) α-alumina (b) CNTs 
XRD was performed for all the sintered membranes to study the influence of SPS 
parameters on the structure. Figure 3-c represents the sintered sample at 10 MPa, 1100 oC, 
5 min, 200 C/min. From all the XRD patterns, only the peaks related to crystalline α-Al2O3 
were observed. The peaks related to the CNTs were not observed because of its small 
quantity used (5%) as compared to the high crystalline matrix of the alumina.  Moreover, 
in all the XRD pattern, no extra phases or missing peaks were found after sintering which 
confirmed there were no phase changes occurred during sintering. 
 
Figure 4-10: XRD patterns of (a) as received CNTs, (b) as received α-alumina, (c) sintered sample at 10 
Mpa,1100 oC,5 min, 200 °C/min) 
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3.4.4 Effect of SPS parameters on porosity, water flux, and permeability 
Figure 4-11 depicts the effect of SPS parameters on the porosity and permeability of the 
SPS samples. The porosity decreased by increasing sintering pressure (figure 4-11a) and 
temperature (figure 4-11d). However, the porosity has been influenced more by pressure 
(decreased from 69.7% at 5.5 Mpa to 10.77% at 20 Mpa) compared to the effect of 
sintering temperature (67% at 1000oC - 50 % at 1200oC). Higher temperature and pressure 
both contributed to neck growth of alumina particle and hence decreased the porosity. The 
observed decrease in the porosity with increased sintering pressure and temperature might 
be due to the sintering of the adjacent particles.  
 
 
Figure 4-11: Effect of SPS parameters on the porosity and permeability of the membranes: (a) Pressure, (b) 














































































































































































































On the other hand, by increasing heating rate, the porosity was increased (figure 4-11b) 
(33% at 50 °C/min - 69 % at 200 °C/min). The opposite effect was observed by the holding 
time. By increasing the time from 2.5 min to 15 min, the porosity was decreased from   
69.3% to 60.7 %( figure 4-11c). The permeability represents the membrane productivity, 
and it was calculated from the water flux measurements at different sintering conditions as 
shown in figure 4-12. The permeability has the similar trend of the porosity, decreased by 
increasing sintering temperature, holding time, and pressure. However, it increased by 
increasing the heating rate.  
 
 
Figure 4-12: Effect of different SPS parameters on pure water flux at different transmittance pressure: (a) 





































































































































The sample compacted at 5.6 Mpa was broken during the flux test due to the less strength 
of the membrane at this compacted pressure. The highest permeability was obtained for 
the samples sintered at 10 Mpa, 1000 °C, 2.5 min, 200 °C/min, and 10 Mpa, 1000 °C, 10 
min, 200 °C / min. The water flux was measured at a transmembrane pressure of (5-40) psi 
for the sintered samples using the setup shown in figure 1. The results showed that the 
water flux increased by increasing the transmittance pressure at all conditions (figure 4-
12). The water flux more influenced by SPS pressure (figure 4-12-a) and temperature 
(figure 4-12-d) which attributed to the percentage of the porosity.  
3.4.5 Microstructure characterization of SPS membrane 
The FE-SEM was performed for the selected samples to investigate the microstructure and 
the pore size.  Figure 4-13 shows the effect of SPS pressure on the pore size and grain 
growth. At the sintering pressure of 5.6 MPa (Figure 4-13-a) there was no enough cohesion 
between particles (fine-grains), however, the size of alumina particles increased due to 
crystal growth, by increasing the pressure to 10 MPa, and the microstructure becomes 
denser. The alumina particles have shown neck growth with adjacent particles. This growth 
increased by increasing sintering pressure (figure 4-13) and sintering temperature (figure 
4-14). Figure 4-15 shows a micrograph of the fractured surface of sample 4. It was observed 
that the CNTs were well distributed within the alumina matrix and located mainly along 
the grain boundaries. So, the nanocomposite developed in this study seemed to be an 
intergranular-nanocomposite type [152]. SPS, due to the simultaneous effect of pressure 
and temperature, enables higher heating rates by shortening the sintering time and 
temperature as compare to conventional sintering. This helps to obtain fine pores sizes. 
Therefore, SPS could help to get higher strength at lower temperatures in comparison with 
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hot pressing [153], and conventional sintering [154]. Figure 8 showed very less porosity 
and high particle growth at 50 °C/min. By decreasing the heating rate, slow sintering 
occurred which contributed to increase in particle growth and subsequently minimized the 
numbers of pores. In addition, the grain shape and morphology was also affected. The 
possible sintering mechanism is believed to be the grain boundary and volumetric diffusion 
[151], [155]. The average pore size was calculated from all the pores using FE-SEM 
micrograph for SPS -2 and the average value was 0.201 µm and ranged from 0.05 µm to 
0.45 µm. For SPS-11, pore size was 0.143µm ranging from 0.08µm to 0.24 µm.  The 




Figure 4-13: FE-SEM of the membrane SPS at different pressure: (a)5.6 MPa,1000 oC,10 min, 100 °C / min, and 





Figure 4-14: FE-SEM of the membrane SPS at 10 MPa, 1100 oC, 5 min, 200 oC/min 
 
 
Figure 4-15: FE-SEM micrograph of fracture surfaces of SPS at 10 MPa, 1000 oC,10 min, 50 oC / min 
 
3.4.6 Mechanical properties of alumina-CNTs membrane 
The strength of the SPS membrane was increased from 1.9 MPa to 12.3 MPa by increasing 
the sintering temperature from 1000 °C to 1200 °C, which was attributed to the growth of 
the grains and shrinkage of the pores.  The same trend of results obtained by increasing 
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pressure, the sample-1 was sintered with 20 MPa pressure showed 12.3 MPa strength value 
compared to 1.92 MPa for sample-3 sintered with pressure 5.6 MPa. This revealed that the 
SPS temperature and pressure have a significant role in the strength of the membrane. High 
pressure contributes to bringing the particles closer during compaction and high 
temperature caused them to diffuse in one another easily. The same trend of results 
obtained [23]. By keeping the other parameters constant, the strength increased by 
increasing the sintering pressure which was attributed to the increase in the densification 
of the membrane. The increase in the densification means that increase in the interface 
formation which ensured effective load sharing between matrix (Al2O3) and filler (CNTs), 
as confirmed by the FE-SEM micrograph shown in figure 4-16.  These results agree with 
the results obtained by [23], [157]. However, the heating rate showed the antagonistic 
effect on the strength. By increasing the heating rate from 50 °C/min to 200 °C/min, the 
strength decreased from 8 Mpa to 4.9 MPa. The reduction in the strength is attributed 
mainly to the high porosity, a poor interface which remained incapable of proper load 
sharing. After the diametrical compression test, the sample fractured into two halves 
(figure 4–16) due to tensile failure [12], which is considered as an indication for successful 
test [158].  
 




It is important to analyze and correlate the properties of the developed Al2O3-CNTs 
nanocomposite membranes with the processing parameters to get the best combination of 
the membrane permeability and strength. The permeability is related to the productivity of 
the membrane. Moreover, the strength of the membrane has a significant role in the 
reliability and the operating life of the membrane. The permeability and strength for the 
membrane at different SPS conditions are presented in figure 4-17 to identify the SPS 
conditions which give the best combinations between the permeability and strength. The 
membranes 11 showed the best combinations followed by 2 and 4.  
 
 
Figure 4-17: permeability and strength of the membrane at different SPS conditions 
 
4.3 Removal of cadmium heavy metal from aqueous solution  
The solution pH is an important parameter to determine the adsorption mechanism of the 
heavy metals by the adsorbent material. The cadmium ion (Cd+2) removal experiments 






































the pH range 3-8. As shown in Figure 4-18, significant cadmium removal was observed at 
pH values above 4 for CNTs and above 5 for alumina. Typically, adsorption of cations 
occurs best at pH closer to neutral and basic medium. In this case, both materials seem to 
perform best at pH 8, however, when compared with the concentration change in the blank 
run, Cd cation precipitation could be suspected as a factor [159]. For that, zeta potential 
analysis was carried out to verify the surface charge of the considered materials. The results 
shown in Figure 4-19 indicate point of zero charge (pHPZC) to be around pH 5.4 for CNTs 
and pH 8.3 for alumina. It is known that adsorbent optimum performance occurs at a pH 
slightly above pHPZC [160].  
 
Figure 4-18: Effect of pH on cd+2 removal (Batch experimental runs) 
 
Although, the maximum removal was observed at pH 8, however, the membranes also 






























Blank run Alumina CNTs
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range of 6-8, therefore, all the experiments were performed at pH 6 to discover the potential 
of membranes for the Cd removal for practical applications. 
 
Figure 4-19: Zeta potential analysis of alumina and CNTs powders as a function of pH 
 
After selecting the optimum solution pH, batch adsorption and column tests were carried 
out to investigate the capacity of alumina-CNT composite in the form of powder mixture 
and synthesized membrane in removing cadmium from aqueous solution. In the column 
study, alumina-CNTs membrane, sample S6 (200 kN/1400°C), was installed in the flow 
loop system and cadmium contaminated water was run through it only once. Fig. 4-20 
displays the comparison of the removal efficiency between the alumina-CNTs powder 
mixture (5wt% CNTs) in batch adsorption and the processed membrane (S6) of the same 
composition in column study. Although, the material performed well in both situations, an 
improved rejection of about 93% of cadmium was obtained with the membrane. The 
improved performance may be attributed to synergistic effect of adsorption and membrane 
































Figure 4-20: Comparison of the removal efficiency of alumina, CNTs, alumina-5wt% CNTs powder mixture and 





5 CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
Porous alumina-carbon nanotubes (Al2O3-CNTs) nanocomposite membrane fabrication, 
by conventional pressure-less sintering as well as spark plasma sintering (SPS) techniques, 
is reported for the first time. The effect of initial compaction load and sintering temperature 
on the porosity, permeability, water flux, and strength was analyzed. The porosity and 
strength of the membrane was observed to be influenced by both compaction load and 
sintering temperature. However, sintering temperature was the primary factor to control 
pore size and water flux. The best combination of processing parameters was selected by 
comparing strength with porosity of the membrane. Samples S6 and S9 (compacted at 200 
kN and 150 kN loads and sintered at 1400 °C and 1500 °C, respectively) were selected as 
they showed optimum strength with good permeability. Spark plasma sintering (SPS) 
technique was also utilized to synthesize Al2O3-CNTs nanocomposite membrane.  The 
effect of SPS processing parameters such as pressure, temperature, heating rate, and 
holding time on the properties of the developed membranes was investigated. The porosity 
was more influenced by the applied pressure during sintering (decreased from 69.7% at 5.5 
MPa to 10.77% at 20 MPa), followed by sintering temperature (69% at 1000 °C - 50 % at 
1200 °C). The strength, water flux, and permeability of the membrane were also affected 
by the sintering temperature and pressure consequently. Zeta-potential analysis and batch 
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adsorption experimentations helped to select pH 6 for cadmium removal tests. Finally, the 
cadmium (Cd+2) ion removal efficiency of the alumina, CNTs, their powder mixture (5wt 
%CNTs) through batch adsorption experimentations and that of the developed membrane, 
using the flow loop system, was analyzed. The highest (93%) of Cd+2 removal was 
obtained from pressure-less sintered membrane (200kN/1400C), through physical 
adsorption, from water containing 1ppm cadmium solution at pH 6. 
5.2 Recommendations 
The following aspects can be addressed in the future work: 
1. Removal efficiency of the developed membranes of other heavy metal ions such as 
arsenic (As+2), mercury (Hg+2), and lead (Pb+2).  
2. Effect of carbon nanotubes (CNTs) loading, in the composite membrane, on the 
porosity, strength, and heavy metal removal efficiency. 
3. Surface modifications of the CNTs (impregnated of chemically functionalized/ 
oxidized) on the adsorption capacity of the membrane. 
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